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The geochemical characterizations of adsorbed and occluded components of solid bitumen in the
Kuangshanliang area of northwestern Sichuan Basin were studied by comparing the results of con-
ventional extraction and mild oxidative degradation. The results indicate that the solid bitumen orig-
inated from Sinian–Cambrian ancient oil reservoirs. The main source of the parent material is lower-
order aquatic deposited in a high-sulfur anoxic marine environment. Exposed solid bitumen suffered
from severe biodegradation, altering the tricyclic terpane/pentacyclic terpane and (pregnane + homo-
pregnane)/regular sterane ratios as compared to the earlier parent material.
Keywords: adsorbed/occluded hydrocarbons, biodegradation, biomarker compound, Sichuan Basin, solid
bitumen
1. INTRODUCTION
The Longmen Mountains nappe tectonic belt is located at the junction of the Songpan–Ganzi Fold
Zone and the Yangtze Paraplatform (Figure 1), in the northwestern part of Sichuan Province, China.
Bituminous dikes are extensively developed in the Kuangshanliang tectonic structure on the eastern
margin of the Longmen Mountains Fold Zone. The solid bitumen is often seen to have suffered
biodegradation of certain biomarker compounds to some extent. Researches indicate that geological
macromolecules such as asphaltene (Liao et al., 2006) and solid bitumen (Cheng et al., 2012) are able
to adsorb/occlude other small molecules as the macromolecular structures effectively protect them.
This protection reduces the transformative effects of later geochemical processes, thus preserving the
earlier organic geochemical information contained in these components. Research on these occluded
components may further our understanding of the earlier state of severely disrupted solid bitumens,
and add our knowledge of their geochemical characterizations.
Address correspondence to Z. W. Liao, State Key Laboratory of Organic Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China. E-mail: liaozw@gig.ac.cn
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FIGURE 1 Tectonic sketch map of the Kuangshanliang Area of the Sichuan Basin (Reprinted from Marine and
Petroleum Geology, 37(1), L. Wu, Y. Liao, Y. Fang, A. Geng, The study of the source of the oil seeps and bitumens
in the Tianjingshan structure of the northern Longmen Mountain structure of Sichuan Basin, China, Pages 147–161,
Copyright (2012), with permission from Elsevier).
2. MATERIALS AND METHODS
Solid bitumen samples from six Cambrian horizon sites around Huoshi Village, Kuangshanliang, in
Northwestern Sichuan Basin (Figure 1), were selected for organic solvent extraction and oxidative
degradation experiments.
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FIGURE 2 TIC chromatograms of n-hexane eluates from soluble components of solid bitumen extracted with
various solvents. Bitumen-1 through Bitumen-6 (B1–B6) indicate samples taken from different sites; (a), (b), and (c)
represent n-hexane, acetone, and dichloromethane extracts from solid bitumen, respectively.
The sample was extracted successively with n-hexane, acetone, and dichloromethane respectively
for 120 h, in order to exclude any interference from adsorbed components. The extracted bitumens
were then used for oxidative degradation to obtain the occluded compounds inside bitumens, with
the details of the procedure followed from Liao et al. (2006).
3. RESULTS AND DISCUSSION
3.1 Sample Analysis
Solid bitumen samples exhibited an H/C atomic ratio of 1.07–1.15 and O/C atomic ratio of 0.01;
Tmax was ∼435◦C, and PI was <0.1, demonstrating the low maturity of the samples. The sulfur
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FIGURE 3 TIC chromatograms of n-hexane eluates from oxidative degradation products of solid bitumen.
content of the solid bitumen was relatively high (6.13–8.73%), and the stable carbon isotope value
of –36.3 to –37.6 (VPDB) is characteristic of intense 13C-depletion. This is roughly equivalent
to the stable carbon isotope values reported for solid bitumen (Huang and Wang, 2008) believed to
come from Sinian–Cambrian ancient oil reservoirs, suggesting that they might be homologous.
3.2 Distribution Characterizations of Components of the n-Hexane Eluates
3.2.1 Adsorbed components
For most samples, total ion chromatograms exhibited certain UCM peaks, indicating that these
samples had generally suffered biodegradation of normal alkanes (Figure 2), while biodegradation-
resistant steranes remained, especially for pregnanes.
3.2.2 Occluded components
A series of biomarker compounds were detected in the n-hexane eluate of occluded component,
including normal alkanes, n-alk-1-enes with even carbon number, bicyclic terpenoid sulfides (C15),
and so on (Figure 3). Normal alkanes of carbon number ranging from C15–C28 were observed
essentially as unimodal distribution (Figure 4), implying that parent material might have originated
from lower-order aquatic. In m/z 85 spectra, the pristane/phytane ratio of each sample was <1,
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FIGURE 4 Mass spectra of m/z 85 ions in n-hexane eluates of oxidative degradation products of solid bitumen.
while sulfides and elemental sulfur were detected in high concentration in the occluded component,
possibly indicating that the parent material was deposited in an anoxic environment.
Alexander et al. (1992) held that esters have concerted or semi-concerted reaction under low
thermodynamic impact to yield alkenes. When a linear alkyl group connects to the alcohol side chain,
a n-alk-1-ene can be selectively formed. Mathis and Schenck (1982) reported that bicyclic terpenoid
sulfide is presumably derived by thermal maturation reaction of a precursor of the carotenoid.
This suggests that bicyclic terpenoid sulfides detected in the occluded component have been likely
formed by sulfur and carotenoid or its degradation products under bacterial action in earlier anaerobic
conditions.
3.3 Distribution Characterization of Terpane and Sterane Compounds
3.3.1 Terpane distribution
The major terpanes detected in n-hexane extracts were C20–C28 tricyclic terpanes, C27–C34
hopanes, and C24 tetracyclic terpane (Figure 5). Compounds detected in the occluded component
of solid bitumen were the same as those in the extracts, with a strong presence of C29-norhopane
and C30-hopane, relatively weak signals due to tricyclic-to-tetracyclic terpanes and other hopanes.
The tricyclic terpane/pentacyclic terpane ratio was calculated by choosing C20, C21, C23, and C24
as tricyclic terpanes and C29 and C30 as pentacyclic terpanes. The magnitude and range of this
ratio observed for the n-hexane extract was 0.73–2.14, much greater than those for the latter three
components which fluctuated around 0.3–0.4.
While previous studies indicate that tricyclic terpane (C19–C45) is more resistant to biodegradation
than hopane (Connan et al., 1980), the relative susceptibility of hopane homologs to biodegradation
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FIGURE 5 MS spectra of m/z 191 ions in n-hexane eluates of extracts and oxidative degradation products of solid
bitumen. (a), (b), (c), and (d) represent n-hexane extract, acetone extract, dichloromethane extract, and oxidative
degradation product, respectively; C20t–C24t denote tricyclic terpane series; C24Tet denotes tetracyclic terpane;
C29H–C34H denote hopane series.
is still unclear. In this study, the concentration of tricyclic terpane in the n-hexane extract was clearly
higher than that in the occluded component, indicating biodegradation of hopanes, although the
degradation level of hopane and homo-hopane could not be accurately determined. Protected by the
macromolecular structure, the occluded component was essentially unaffected by biodegradation,
and its tricyclic terpane/pentacyclic terpane ratios fell within a narrow range.
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FIGURE 6 Mass spectra of m/z 217 ions in n-hexane eluates of extracts and the oxidative degradation product of
solid bitumen. (a), (b), (c), and (d) represent n-hexane extract, acetone extract, dichloromethane extract, and oxidative
degradation product, respectively.
3.3.2 Sterane distribution
The n-hexane extracts of solid bitumen samples displayed similar sterane distribution (Figure 6),
with strong pregnane and homo-pregnane peaks, and regular sterane exhibited a reversed L-type
distribution. In other two extracts, C27-αααR was the main peak, with regular sterane exhibiting L-
type distribution; signals of pregnane and homo-pregnane were weak. In the occluded components,
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pregnane and homo-pregnane signals were the weakest, and regular sterane exhibited a V-type
distribution.
Not exceeding 0.55 across the three extracts and occluded components, the αααC29-
20S/(20S+20R) ratios indicate that the extracts and oxidative degradation products of solid bitumen
had basically the same relatively low maturity state corresponding to the earlier oil-generating stage
at least. In the n-hexane extract, the (pregnane + homo-pregnane)/regular sterane ratio varied from
0.77 to 2.22, which is greater than those for the other two extracts and the occluded component.
This ratio varied little over the latter three components, not exceeding 0.12, with a ratio of only 0.02
observed for the occluded component.
Pregnane and homo-pregnane are believed to come from the hormones, pregnanol and pregnanone
(De Leeuw and Bass, 1986) or from pyrolysis of regular sterane (Huang et al., 1994), and they
are more resistant to biodegradation than regular sterane (Peters et al., 2005). The extracts and
oxidative degradation products of solid bitumen were consistently characteristic of low maturity.
Therefore, the strong relative presence of pregnane and homo-pregnane in the n-hexane extract
was likely not indicative of regular sterane pyrolysis, but was taken to indicate biodegradation
consumption of regular sterane that raised the relative concentrations of pregnanes. Protection of
occluded components by geological macromolecules resulted in less damage by later geochemical
processes. Thus the relative concentrations of pregnanes in acetone and dichloromethane extracts
and occluded component ranged from moderate to very low, with no strong peaks as seen in the
n-hexane extract.
4. CONCLUSIONS
From the analyses of adsorbed/occluded hydrocarbons inside solid bitumens, the results indicate that
bitumens from the Kuangshanliang area, northwestern Sichuan Basin, China, were originated from
Sinian-Cambrian ancient oil reservoir, and their earlier parent material had entered the oil-generating
stage. The parent material originated primarily from lower-order aquatics deposited in a high-sulfur
anoxic marine environment. Even n-alk-1-enes and bicyclic terpenoid sulfides were proposed to be
the early stage products of geochemical or biogeochemical processes, which both remained in the
occluded components due to protection by the solid bitumen macromolecular structures.
Biodegradation can significantly alter the primitive topography of soluble components of the solid
bitumens, so the efficiency should be scrutinized in comparative studies of oil (bitumen)–source rock
only through soluble components. Nevertheless, the occluded component inside solid bitumens can
serve as the representatives for the earlier parent material.
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